Explicit knowledge of conditioned stimulus (CS)/unconditioned stimulus (UCS) associations is proposed as important factor in classical conditioning. However, while previous studies have focused on its roles in fear conditioning, it has been neglected in the context of appetitive conditioning.
value as early as the primary visual cortex (V1) in the processing of possible cues (Serences, 2008; Shuler and Bear, 2006; Serences and Saproo, 2010; Stanisor, van der Togt, Pennartz, & Roelfsema, 2013) , the amygdala is considered to be important for the formation of CS/UCS associations (Balleine, Killcross, & Dickinson, 2003; Martin-Soelch et al., 2007) . The ventral striatum is associated with reward anticipation (Dillon et al., 2008; McClure, Berns, & Montague, 2003; O'Doherty et al., 2004; Rademacher et al., 2010) , and the anterior cingulate cortex (ACC) is suggested to be involved in early discriminative learning and encoding the CS1 outcomes (Alexander & Brown, 2011; Gabriel, Burhans, & Kashef, 2003) . While the orbitofrontal cortex (OFC) is proposed to encode expected UCS values (Cox et al., 2005) , its role is still under debate (Stalnaker, Cooch, & Schoenbaum, 2015) .
Another line of research has focused on modeling prediction error throughout the learning process. Studies have shown a tight relationship between the firing rates of midbrain dopamine neurons and prediction error (Montague, Dayan, & Sejnowski, 1996; Schultz, Dayan, & Montague, 1997) . Regarding the neural correlates of reward prediction error in classical conditioning assessed with functional magnetic imaging (fMRI), evidence suggests a vital role of the striatum (Garrison, Erdeniz, & Done, 2013; Niv, 2009; O'Doherty, Dayan, Friston, Critchley, & Dolan, 2003; Schultz and Dickinson, 2000; Schultz, 2016) . The ventral striatum in particular appears to encode the relative salience of stimuli (O'Doherty, Buchanan, Seymour, & Dolan, 2006) .
While several components of the learning process have already been identified, identification of which areas contribute to forming the final subjective CS/UCS association as assessed after learning remains unclear. As the subjective CS/UCS association presents a result of the entire learning process, it is important to identify the neural correlates during early and during late stages of subjective CS/UCS association formation. Importantly, assessing the subjective CS/UCS association only after the learning process allows the identification of the neural correlates of the association formation without directing the subject's attention toward the association, as would be the case with online-ratings throughout the acquisition phase (Lonsdorf et al., 2017) .
Regarding previous research on the neural correlates of perceived CS/UCS contingencies specifically, only one study has investigated this in appetitive conditioning. However, the study focused on conditioned sexual arousal in a male sample and used a dichotomous classification (Klucken et al., 2009b) . The authors found increased activation in the ventral striatum as well as in the occipital cortex, and medial orbitofrontal cortex (mOFC) in participants who could verbalize the CS/UCS contingencies compared to participants who could not.
Complementing the findings in appetitive learning, studies of fear conditioning suggest important roles of the ventral striatum and amygdala in the development of differences in CS/UCS associations between the CS1 and CS2 (Klucken et al., 2009a (Klucken et al., , 2009b Schiller, Levy, Niv, LeDoux, & Phelps, 2008) . Increased striatal activations were observed only in subjects who could verbalize the correct CS/UCS associations but not in those who did not learn the CS/UCS associations (Klucken et al., 2009a (Klucken et al., , 2009c . Furthermore, Schiller et al. (2008) found increased activations in the amygdala (and in the ventral striatum) only when contingencies changed and CS/UCS associations thus had to be newly learned.
In addition to investigating the mere strength of the blood oxygenation level dependent (BOLD) response, examination of connectivity sheds light on interactions among different brain structures involved in the learning processes and has thus gained importance in recent years.
Underlining the importance of regulatory processes between different brain areas, Motzkin, Philippi, Wolf, Baskaya, and Koenigs (2015) showed that the ventromedial prefrontal cortex (vmPFC) plays a crucial role in regulating amygdala activity. This supports neurocircuitry models proposing that hypoactivity in the vmPFC gives rise to disinhibited increased amygdala activity, a process which is referred to as disinhibition. Previous studies observed decreased coupling between the vmPFC and the ventral striatum as well as with the amygdala to be associated with facilitated appetitive conditioning (Klucken, WehrumOsinsky, Schweckendiek, Kruse, & Stark, 2016; Klucken et al., 2015) .
For instance, subjects with compulsive sexual behavior showed increased task-specific (CS1-CS2) amygdala activation as well as decreased coupling between the ventral striatum and vmPFC during appetitive acquisition compared to the controls .
Similarly, facilitated conditioning processes and decreased coupling between the amygdala and vmPFC were also found in an appetitive conditioning study investigating the effect of a dopaminergic genotype on learning (Klucken et al., 2015) . In rats, it has already been shown that the vmPFC downregulates striatal activation during appetitive conditioning when the rat is not reinforced (Ghazizadeh, Ambroggi, Odean, & Fields, 2012) . In addition to the previous findings regarding vmPFC connectivity, animal studies also revealed a functional connection between V1 and the infralimbic cortex (IL) (Nguyen, Huppe-Gourgues, & Vaucher, 2015) that has been suggested to be a structure homologous to the vmPFC in humans (Milad & Quirk, 2012) . In humans, patients with vmPFC lesions show impairments in visual attention (Wolf, Philippi, Motzkin, Baskaya, & Koenigs, 2014) , further suggesting a functional link between visual areas and the vmPFC relevant for learning processes. Current evidence showing the involvement of V1 in reward learning via attentional processes (Stanisor et al., 2013) and the link between visual attention and the vmPFC (Wolf et al., 2014) suggests a similar involvement of vmPFC connectivity with V1 in facilitated learning. One possible assumption is that the vmPFC involvement in regulating these processes is important for discerning relevant and irrelevant stimuli, as aberrant salience attribution is associated with reduced vmPFC involvement (Pankow et al., 2016) . The formation of a stronger subjective CS/UCS association might therefore be associated with decoupling of the vmPFC in reward learning. While it is conceivable that such disinhibitory processes and the associated neural processes (i.e., decoupling of the vmPFC with the ventral striatum and with the amygdala and with V1) linked with facilitated learning are associated with subjective CS/UCS association, these relationships
have not yet been investigated.
The aim of this study was to investigate neural correlates in appetitive conditioning linked with the subjective CS/UCS association reported by participants directly after the acquisition procedure. For this purpose, a differential classical appetitive conditioning design with a monetary reward as UCS and colored rectangles as CS was used. We expected a positive correlation between subjective CS/UCS associations and differential BOLD responses to the CS1 compared to those to the CS2 in the ventral striatum, mOFC, V1, and amygdala. In addition to BOLD responses, SCRs and subjective valence and arousal ratings were measured as indicators for successful conditioning.
Furthermore, we examined lower functional connectivities between the amygdala, ventral striatum, and V1 with the vmPFC in association with a higher subjective CS/UCS association.
| M A TE RI A L S A ND M E TH ODS

| Subjects
In total, 90 uninstructed participants (45 females; age: M 5 23.39 years; SD 5 3.32 years) took part in this study. All participants were righthanded, had normal or corrected-to-normal vision, and had no history of psychiatric or neurological treatment. Data for five participants had to be discarded from analyses due to technical problems, leaving 85 study participants (44 females; age: M 5 23.54 years; SD 5 3.37 years).
All participants were students of the University of Giessen and received either course credits or 10 e per hour in compensation for their time. In addition, all participants received the monetary reward they won during the experiment. The study was conducted in accordance with the principles of the Declaration of Helsinki and approved by the local ethics committee of the University of Giessen Department of Psychology and Sports Science. Participants provided written informed consent to participate.
| Stimulus material
A yellow and a blue rectangle of the same luminance at the center of a black screen served as the CS1 and CS2, respectively. The assignment of color (yellow, blue) to the CS type (CS1, CS2) was counterbalanced across participants. As the UCS, a monetary reward of 50 cents was displayed on the screen. Participants were informed before entering the scanner and directly prior to the acquisition phase that any monetary reward won during the experiment would be paid out directly after the experiment. Participants received this reward (in total 10 e) in addition to the compensation of their time (course credit or 10 e per hour of participation). In trials that were not reinforced, a win of 0 cents was displayed (NoUCS1). Stimuli were presented at a pixel resolution of 800 3 600 on a monitor (NordicNeuroLab AS, Bergen, Norway) with a visual angle of 288. The screen was positioned at the end of the scanner, and stimuli were viewed by means of a mirror mounted to the head coil.
| Experimental procedure
During appetitive acquisition, 40 trials were presented (20 trials per CS). The acquisition phase was split into two halves, with each CS occurring ten times in each half. The first two trials of each half always consisted of one CS1 and one CS2 trial. No more than two trials with the same CS were presented in succession. Each trial started with the presentation of a fixation cross with a variable duration of 0-2.5 s followed by presentation of a CS for 6 s (see Figure 1 for the sequence of trial events). In total, 50% of the CS1 trials were reinforced and were immediately followed by presentation of the UCS (50 cents reward) for 2 s. In the other 50% of the CS1 trials and in all of the CS2 trials, no reward was given. This was signaled by the presentation "1 0 cents" on the screen for 2 s to ensure comparability between trials. At the end of each trial, the total amount of money won (balance) during the experiment was presented for 2 s. During the intertrial interval (ITI), a fixation cross was displayed. The duration of the ITI depended on the stimulus-onset asynchrony; each trial lasted 18 s, and the duration of FIG URE 1 Sequence of trial events. In each trial, a CS was displayed for 6 s, immediately followed by presentation of the reward for 2 s. Subsequently, the amount of money won up to that point (balance) was presented for 2 s [Color figure can be viewed at wileyonlinelibrary.com] the ITI thus varied between 5.5 and 8 s. Participants were instructed to look at the screen attentively.
| Subjective ratings
In this study, subjective CS/UCS association was assessed directly after the acquisition procedure instead of online. However, although online ratings might provide more detailed information concerning development over time, ratings during the acquisition phase alter the associative learning process by making the participants actively process the CS/UCS-contingencies (Lonsdorf et al., 2017) .
Thus, directly after the acquisition phase, participants rated how likely they thought that the CS1 and CS2 were followed by the monetary reward on a scale from 0 (not likely at all) to 100 (extremely likely).
The subjective CS/UCS association was calculated by subtracting the subjective reward association for the CS2 from the subjective reward association for the CS1 and could in theory range from 2100 (reward strongly associated with the CS2 and not at all with the CS1) to 100 (reward strongly associated with the CS1 and not at all with the CS2).
In addition to subjective reward association ratings, participants rated the subjective valence and arousal of the stimuli (CS1, CS2, UCS) with the self-assessment manikin (SAM) on a 9-point Likert scale (Bradley and Lang, 1994) (valence: 1 "very unpleasant" to 9 "very pleasant"; arousal: 1 "calm and relaxed" to 9 "very aroused"). For the valence and arousal ratings, statistical analyses were performed via paired t tests (CS1-CS2) using SPSS 23 (SPSS 23.0 for Windows, SPSS Inc., Chicago, IL).
| Skin conductance measuring
SCRs were measured during scanning while participants were engaged in the classical appetitive acquisition procedure at a sampling rate of 1 kHz using reusable Ag/AgCl electrodes filled with isotonic (0.05 M NaCl) electrolyte medium placed on the hypothenar eminence of the non-dominant left hand. For preprocessing and analysis, Ledalab 3.4.4. (Benedek and Kaernbach, 2010) was used. Preprocessing involved the downsampling of data to 100 Hz and smoothing using a Gaussian kernel of a full-width at half-maximum (FWHM) of 32 samples. Subsequently, all data were visually screened to ensure high data quality.
Four of the 85 participants had to be excluded due to technical difficulties during data acquisition. The time from 1 to 6 s following the CS onset was defined as the analysis window. Responses were specified as the greatest difference between a minimum that was situated within the analysis window and the corresponding maximum (Benedek and Kaernbach, 2010) . If a response was smaller than 0.01 mS, it was considered to be zero. Response data were square root transformed to account for violations of normal distribution assumptions. Mean responses were computed for CS1 and CS2 in the first and second halves of acquisition separately. SPSS 23 was used for statistical analyses. Statistical comparisons of mean SCRs were performed via repeated-measures analysis of variance (ANOVA) in a 2 (CS type: CS1 and CS2) 3 2 (time: early phase and late phase) factorial design. Both SCRs and subjective ratings of valence and arousal were measured as indicators of successful conditioning.
| fMRI
Imaging data were collected with a 3 T whole-body MRI system (Mag- image that was aligned with a T1 template beforehand, resampled to a 2 mm isovoxel resolution using trilinear interpolation, and smoothed with a Gaussian kernel at 6 mm FWHM. Functional data were analyzed for outlying volumes using a distribution-free approach for skewed data . Each resulting outlying volume was later modeled as a regressor of no interest within the general linear model (GLM).
For first-level analyses, the following experimental conditions were specified: CS1, CS2, UCS1, NoUCS1 (no reward following a CS1), UCS2 (no reward following a CS2), and balance (presentation of the total amount of money won). CS regressors were split into an early phase (CS1 early /CS2 early ), including trials 1-20, and a late phase (CS1 late /CS2 late ), including trials 21-40, to more clearly discern between the early and late effects of learning, which was consistent with other studies LaBar, Gatenby, Gore, LeDoux, & Phelps, 1998; Lonsdorf et al., 2017; Milad et al., 2007; Phelps, Delgado, Nearing, & LeDoux, 2004) . As there is considerable variance within the learning rates and results of the participants, modeling a learning curve might bias the results toward subjects whose learning process fits the model best. Instead, splitting the acquisition phase allows for a differentiation of early and late exposure to the paradigm with minimal bias, while having maximum (and comparable) statistical power for both analyses (Tabbert, Stark, Kirsch, & Vaitl, 2005) . 
Second-level analyses focused on links between subjective CS/ UCS associations and neural activations. Separate regression analyses
were performed in SPM12 for early and late neural correlates of acquisition of conditioning (CS1-CS2) with subjective CS/UCS associations as a regressor. Furthermore, the CS1-CS2 contrast was investigated separately for the early and the late phases using one-sample t-tests. 
Regions of interest (ROIs
| Hemodynamic responses
Regarding the main research aim of this study, subjective CS/UCS associations, calculated from CS/UCS association ratings of CS1 and CS2 after completion of the acquisition phase, were correlated with the CS1-CS2 contrast to identify the underlying neural correlates of subjective CS/UCS association in the early and late phases of appetitive acquisition. Our analyses revealed significant correlations between Furthermore, we examined the CS2-CS1 contrast and its correlation with the subjective CS/UCS association. There were no significant results for the CS2-CS1 contrast and no significant correlation of the CS2-CS1 contrast with the subjective CS/UCS association in any of the ROIs.
| Psychophysiological interactions
Additionally, we investigated functional connectivity across the whole acquisition phase with the amygdala, ventral striatum, and V1 as seed regions using PPI analysis. PPI analysis detects brain structures
Positive correlations of subjective CS/UCS association and neural activity in the CS1-CS2 contrast during the early phase (image threshold was set to t > 2.5). The scatter plots show contrast estimates in the respective peak voxels and subjective CS/UCS association. Significant correlations were observed in the left medial orbitofrontal cortex and the right and left primary visual cortex, and a trend was found in the right amygdala [Color figure can be viewed at wileyonlinelibrary.com] correlated with a seed region of interest in a task-dependent manner.
Analyses revealed higher subjective CS/UCS association to be correlated with reduced connectivity between V1 and vmPFC and between the ventral striatum and vmPFC (Table 1) . No significant correlation was observed via PPI analysis using the amygdala as the seed region.
| D I SCUSSION
The aim of this study was to investigate the neural correlates of appetitive conditioning linked with subjective CS/UCS association measuring the extent to which a participant believed the CS1 was followed by a reward compared to that of the CS2. Our findings suggest that positive neural correlates specific for the early (mOFC, V1) and late (ventral striatum) phases of the acquisition are associated with increased subjective CS/UCS association.
During the early phase, participants showing higher activation in V1 toward the CS1 than the CS2 also reported higher subjective CS/ UCS associations. This is consistent with previous research that found an association between the value of a visual stimulus and hemodynamic V1 responses in animals (Shuler and Bear, 2006; Stanisor et al., 2013) and humans (Serences and Saproo, 2010; Serences, 2008) . On a functional level, reward-associated stimuli are assumed to modulate attentional processes and the visual cortex thus "highlights stimuli with a high relative value" (Stanisor et al., 2013) . Increased V1 activations towards the CS1 compared to the CS2 could therefore be interpreted as increased attention towards the more strongly reward-associated stimulus (CS1). Moreover, feedback projections from the amygdala and frontal areas as the orbitofrontal cortex are assumed to play important roles in modulating the visual cortex (Adolphs, 2004; Phelps, 2006; Stanisor et al., 2013) . This is in consonance with our results which show a correlation between subjective CS/UCS association and hemodynamic responses of the mOFC and trendwise correlation with the amygdala. Furthermore, these results are consistent with the findings of Metereau and Dreher (2015) who also found mOFC activity to be linked to the expected value of a cue. Notably, this association was independent of the expected valence regardless of whether it was positive or negative, suggesting that mOFC activity might reflect acquired salience (Metereau and Dreher, 2015) . Therefore, the observed increased V1 and mOFC activation toward the CS1 compared to that toward the CS2 point to increased attention toward the rewarded stimulus. The correlational results were complemented by greater activation in the ventral striatum towards the CS1 as compared to the CS2. This is in line with animal research that revealed a subset of ventral striatal neurons to mainly react to cues with a yet uncertain association with reward (Sleezer & Hayden, 2016) . Overall, in the early phase, in particular, attention-modulating processes differentiating CS1 and CS2 appear to be linked to subjective CS/UCS associations acquired during the acquisition phase.
In the late phase, subjective CS/UCS associations were significantly linked to BOLD responses in the ventral striatum. This is in accordance with previous studies reporting the ventral striatum to be crucial for explicit knowledge of CS/UCS associations in fear conditioning (Klucken et al., 2009a (Klucken et al., , 2009c Tabbert et al., 2011) and in appetitive conditioning with sexual stimuli as the UCS (Klucken et al., 2009b) congruent with findings in operant conditioning, as Carter, Macinnes, Huettel, and Adcock (2009) showed that the anticipation of both gains and losses was associated with striatal activation. More generally, activity in the ventral striatum is associated with the prediction (and consumption) of reward and with encoding the relative salience of a stimulus in particular (Dillon et al., 2008; O'Doherty et al., 2006; Rademacher et al., 2010) . Research in monkeys indicate that midbrain dopamine neurons encoding the prediction error also take into account relative subjective value (Lak, Stauffer, & Schultz, 2014) . Increased striatal activation in association with subjective CS/UCS association in the late phase of the experiment might partly reflect this prediction error signal. However, this study focused on more general changes in activation that lasted across trials, instead of trial-to-trial changes based on most recent rewards. In the late phase, there was no significant main effect for the CS1-CS2 contrast in the ventral striatum. This might be due to substantial variance in subjective CS/UCS associations, which the main results show to be linked to ventral striatal activation in the late phase. Thus, whereas attention-modulation toward the CS1
correlates with subjective CS/UCS association in the early phase of appetitive conditioning, primarily increased striatal activation toward the CS1 compared to that toward the CS2 is linked to subjective CS/ UCS association in the late phase.
Functional connectivity between the ventral striatum and vmPFC was negatively correlated with subjective CS/UCS association. Several studies indicate a multitude of connections between the ventral striatum and the vmPFC (Neubert, Mars, Sallet, & Rushworth, 2015) . In rats, the vmPFC actively inhibits the performance of actions by inhibiting excitations of the ventral striatum, specifically the shell region of the nucleus accumbens, and by activating inhibitory neurons in the ventral striatum itself. Pharmacological blocking of this inhibition by the vmPFC, however, results in disinhibition of nucleus accumbens firing (Ghazizadeh et al., 2012) . As a decrease in striatal/vmPFC coupling is linked to the disinhibition of neural activation in brain areas involved in emotion regulation and learning, our results suggest that such disinhibitory processes might be linked to subjective CS/UCS association.
Moreover, one study found that the encoding of relative stimulus value depends on vmPFC/striatal computations, which depend on visual attention and connectivity to early visual processing (Lim, O'doherty, & Rangel, 2011) . In this study, we determined an inverse relationship between the coupling of V1 with the vmPFC and the degree of subjective CS/UCS association. This is consistent with animal studies indicating a functional connection between early visual areas and the vmPFC as well as with studies in humans linking vmPFC lesions with impairments in visual attention (Nguyen et al., 2015; Wolf et al., 2014) . Thus, higher subjective CS/UCS association corresponds to less task-specific (CS1-CS2) coupling between V1 and the vmPFC and between the ventral striatum and the vmPFC throughout the acquisition phase. A previous study found a similar pattern of decoupling between the ventral striatum and the vmPFC in an appetitive conditioning paradigm with sexual stimuli as the UCS in subjects with sexual compulsive behavior compared to that of the controls . However, our findings also showed this pattern of decoupling in healthy subjects. This suggests that subjective CS/UCS association might be associated with decreased functional stratial/vmPFC connectivity in appetitive conditioning in general-not only in subjects with addictions.
Given the commonality that both subjects with higher subjective CS/ UCS association and those with addictions show weaker task-specific stratial/vmPFC coupling, it might be worthwhile to investigate whether subjects with addictions exhibit particularly strong subjective CS/UCS associations, linking the present results with the ones previously found by Klucken et al. (2016) .
Because this study employed a reinforcement rate of 50%, the generalizability is limited regarding substantial deviations in reinforcement due to differences in neural activation depending on the predictability of a reward. While the ventral striatum in particular is strongly influenced by the degree of (un)certainty a stimulus entails (Diekhof, Kaps, Falkai, & Gruber, 2012) , other brain regions, such as V1, might also be affected by these factors. Thus, additional studies with different experimental designs (e.g., different reinforcement rates and assessment of the subjective CS/UCS association earlier in the learning process) are needed to investigate the roles of various brain regions in the early and late phases of the formation of subjective CS/UCS association. The hypothesis of functional connectivity between V1 and the vmPFC is partially based on (a) the finding of a functional connectivity between V1 and the infralimbic cortex [IL] in rats (Nguyen et al., 2015) and (b) on the homology of IL with the vmPFC in humans (Milad & Quirk, 2012) . However, cross-species homologies are difficult to determine and might hold translational inaccuracies. Thus, more research is needed to determine whether a functional connectivity between V1 and the vmPFC can be further supported in humans. Furthermore, if the separate ROIs were treated as a family of hypotheses, it can be argued that stricter corrections are needed and FWE corrections should be based on all combined voxels. In this case, only the correlation of the BOLD-response in the left mOFC and subjective CS/UCS association in the early half would remain as a trend (p FWE-corrected 5 .056).
In summary, this study aimed to elucidate the neural correlates in appetitive conditioning linked to subjective CS/UCS association acquired during acquisition. In the early phase, hemodynamic responses in V1 and the mOFC were associated with subjective CS/UCS association, indicating the importance of attention-related processes in the early stages of subjective CS/UCS association development. In the late phase of acquisition, subjective CS/UCS association was linked to activation in the ventral striatum, a structure often associated with reward prediction.
Furthermore, higher subjective CS/UCS association was linked to lower functional connectivity between V1 and the vmPFC and between the ventral striatum and vmPFC, suggesting that disinhibitory processes involved in the emotional learning process are linked to subjective CS/ UCS association. Overall, these findings enhance our understanding of the neural mechanisms underlying subjective CS/UCS association and the role of subjective relevance of stimuli in appetitive conditioning.
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